An overall picture comparing the repetitive components of the genomes of three Quercus species was obtained by genome skimming with Illumina sequence reads. Read sets of Q. lobata, Q. robur, and Q. suber species were subjected to hybrid clustering in order to assemble a repeatome of the Quercus genus and to annotate it. The repeatome was composed of 8573 clusters. The abundance of repeated sequences in the three species was assessed by mapping Illumina reads of each species onto the repeatome. The repetitive portion of the genome was similar among the three species. The most abundant repetitive sequences were long terminal repeat-retrotransposons. Copia elements were overrepresented when compared with Gypsy ones. The most abundant retrotransposon lineages were SIRE for the Copia superfamily and Ogre/TAT for the Gypsy superfamily. Some of the clusters belonging to these lineages showed different transpositional time profiles among the three species. Ribosomal DNAs accounted for 3.64-6.75% of the repetitive component. Satellite DNAs were much more abundant in Q. lobata (8.68% of the genome) than in the two other species. However, different satellite DNAs showed large variations in their abundances. Overall, the composition of the repetitive portion of the genome showed some differences among oak species, suggesting a possible role of repeats for Quercus species differentiation. In the cases of Q. lobata and Q. robur, both of which belong to the Quercus section of the Quercus genus, such differences may be related to the different geographical origins of the species.
Introduction
Repetitive DNA is a major component of the genome of eukaryotes, constituting, as a whole, the "repeatome" (Woo et al. 2007) . Overall, repetitive sequence types can be separated into interspersed repeats, as transposable elements (TEs), and satellite DNAs, which are organized as tandem repeats (of at least 50 bp in length; hence, they do not include simple sequence repeats as microsatellites) and generally localized at specific chromosomal sites. Both types of sequences are present in the nuclear genomes of all eukaryotes (Biscotti et al. 2015) . Transposable elements can move across the genome by using different transposition mechanisms. Class I TEs (retrotransposons or retroelements, which often represent the main fraction of the repeatome) move through an RNA intermediate using a so-called copy and paste transposition mode, which can lead to an increase in genome size. On the other hand, class II elements (DNA TEs) transpose by a "cut and paste" mechanism, in which elements are excised from the genome and reinserted at another locus, and their genome frequency is maintained at generally low levels (Galindo-González et al., 2017) .
The most diffused TEs in plants are retroelements (REs) belonging to the order of long terminal repeat (LTR)-REs, whose sizes range from a few hundred base pairs to over 10 kb, and which are composed of a coding portion flanked by two direct LTRs. The coding portion includes open reading frames (ORF) encoding proteins necessary for the replication and the integration of the elements in the host chromosomes (Sabot and Schulman 2006) , as Gag, a structural protein of the virus-like particles, and Pol, a polyprotein that includes protease, reverse Flavia Mascagni and Alberto Vangelisti contributed equally to this work.
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Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11295-019-1401-2) contains supplementary material, which is available to authorized users. transcriptase (RT), RNase H, and integrase enzyme domains. Autonomous LTR-REs use their encoded enzymes for the transposition; however, non-autonomous LTR-REs also occur, which hijack the abovementioned enzymes produced by other LTR-REs to replicate and/or move (Wicker et al. 2007 ). Long terminal repeats contain the promoter and RNA processing signals. Other structural signatures of LTR-REs are the primer-binding sites, located downstream of the 5′-LTR, and the polypurine tract, located upstream of the 3′-LTR.
Taxonomically, LTR-REs of higher plants are separated into two predominant groups which differ in the position of the integrase domain within the polyprotein, i.e., the Copia and Gypsy superfamilies (Wicker et al. 2007; Gifford et al. 2018) . In turn, superfamilies are subdivided into major evolutionary lineages (Neumann et al. 2019) . These include Athila (Wright and Voytas 2002) , Chromovirus (with an additional region, the chromodomain, Llorens et al. 2011; Neumann et al. 2011) , and Ogre/TAT Neumann et al. 2019 ) for the Gypsy superfamily; and Ale, Alesia, Angela, Bianca, Ivana, Ikeros, SIRE, TAR, and Tork for the Copia superfamily (Neumann et al. 2019) .
Other REs belong to class I non-LTR-REs (Wicker et al. 2007 ), which are not flanked by LTRs and can have protein domains necessary for transposition like those of LTR-REs (long interspersed elements, LINEs) or not (short interspersed elements, SINEs). Non-LTR-REs are quite rare in plants (Barghini et al. 2017) with some notable exceptions, such as Vitis vinifera (Jaillon et al. 2007) .
The other large group of repetitive sequences are satellite DNAs, which are arranged in tandemly repeated units of at least 50 bp in length (Biscotti et al. 2015; Garrido-Ramos 2017) at precise loci in the genome, such as the telomeric, subtelomeric, pericentromeric, or intercalary regions (Biscotti et al. 2015) . Satellite DNAs are not transcribed, but they are involved in the structural organization of chromosomes. These satellite DNAs may be grouped according to their lengths, base compositions, and individual unit sequences; and they can show different redundancies, homologies, and distribution patterns between related species within a plant genus (Garrido-Ramos 2017). Generally, these satellites account for < 10% of the genome, as in Secale cereale (Bedbrook et al. 1980) . However, in a small number of species, such as Olea europaea (Barghini et al. 2014) , they account for much larger portions, around 30% of the genome.
Repetitive DNA has long been considered "selfish" because it does not apparently provide benefits to the host genome. On the contrary, different contributions of repetitive DNA, especially of TEs, to genome structure and evolution have been ascertained more recently. In fact, they are responsible for most of the remarkable variations in plant genome size (Hawkins et al. 2006; Schnable et al. 2009 ) through, for example, amplification and/or deletion of LTR-REs.
Moreover, TEs apparently have a primary role in genome restructuration (Mehrotra and Goyal 2014) , and in the generation of novel genes through gene fragment rearrangement (Morgante et al. 2005) . Furthermore, repetitive DNA plays a central role in higher-order physical structuring within the nucleus (Von-Sternberg and Shapiro 2005) .
The effect of TE activity on gene expression appears especially important. In fact, TE transpositions can modify the regulatory patterns of genes, resulting in the formation of novel traits using the same repertoire of proteins and RNAs. Transposable elements also affect gene activity at the epigenetic level, regulating chromatin organization and consequently gene expression, leading to possible phenotypic variations (Slotkin and Martienssen 2007) .
For these reasons, the identification and characterization of the repetitive DNA are fundamental steps toward the biological and evolutionary characterization of a species. However, studies on comparative genomics of repetitive sequences within a family or a genus are still limited, especially in nonmodel species.
The most complete identification of repeated sequences can be achieved when the entire genome , or at least very long sequences are available (Buti et al. 2011; Barghini et al. 2015a ). Next-generation sequencing (NGS) technology can be used favorably to identify repeats for comparative genomics. In fact, even if the genome has not been fully sequenced yet, when a repeat is present in many copies in the genome, it is possible to identify it by producing a large number of random short sequences and assembling them.
Sequencing genomic DNA at low-coverage (aka genome skimming, Straub et al. 2012) and clustering sequence reads can allow the identification of thousands of well-represented repeats Novák et al., 2010; Staton et al. 2012; Natali et al. 2013; Barghini et al. 2014 Barghini et al. , 2015b Dodsworth et al. 2015) , while also allowing detailed analyses of genome evolution schemes (Leitch and Leitch 2012; Renny-Byfield et al. 2013; Mascagni et al. 2015 Mascagni et al. , 2017b .
The genus Quercus includes around 500 species of trees and shrubs of the Northern Hemisphere (Nixon, 1993) . Oaks are important members of the temperate deciduous forests of North America, Europe, and Asia. Moreover, they are conspicuous elements of Mediterranean woodlands and subtropical forests.
Oaks are diploid species (2n = 24), with similar haploid genome size; for example, it was estimated to be around 0.7 Gbp for Q. lobata (Sork et al. 2016 ) and 0.9 Gbp for Q. ruber and Q. suber (Favre and Brown 1996; Zoldos et al. 1998) . It is known that differentiation within the Quercus genus is related to climatic and geographic factors (Hipp et al. 2013; Dumolin-Lapegue et al. 1997 ). However, systematic interspecific hybridization and introgression between sympatric species in both America and Eurasia have occurred, especially after geographic area disruptions (Dumolin-Lapegue et al. 1997 ). These processes have produced patterns of morphological variations among oak species and have made taxonomical classification and phylogenetic relationships within the genus uncertain (Rushton 1993; Bacilieri et al. 1996; Howard et al. 1997) . The classical taxonomy of Quercus (Nixon, 1993) , which was the first to be based on explicit morphological cladistic analysis, recognized fewer intrageneric groups than previous classifications. Within the genus Quercus, two subgenera were recognized, Cyclobalanopsis and Quercus. Within subgenus Quercus, a phylogeny has been reconstructed using nucleotide sequences of chloroplast DNA (cpDNA) and internal transcribed spacer (ITS) nuclear rDNA (Manos et al., 1999) that comprises four sections: Lobatae, Protobalanus, Quercus, and Cerris.
The purpose of this work was a comparative characterization of the repetitive components of three oak species genomes belonging to the most common and cultivated subgenus, Quercus: one of North-American origin (Q. lobata) and two widespread in Eurasia (Q. robur and Q. suber). Both Q. lobata and Q. robur belong to the section Quercus sensu strictu, while Q. suber belongs to the section Cerris (Manos et al., 1999) . The three species can be separated according to phylogeny or geographical distribution, allowing us to have new insights on genome evolution related to species origin or areas colonized.
Materials and methods

Sequence data collection
The study was conducted on three oak species, belonging to two sections: Quercus lobata and Q. robur (section Quercus), and Q. suber (section Cerris). Illumina DNA sequences of the three species were collected from the NCBI Sequence Read Archive (NCBI, WA, USA, https://www.ncbi.nlm.nih.gov/ sra). The ID codes for each sequence read set are SRR3244044 for Quercus lobata, ERR1824219 for Q. robur, and SRR5820934 for Q. suber.
More than sixty million paired-end reads per species were collected. To analyze reads of comparable quality, all sets were checked for read quality using FastQC (Andrews 2010), then Illumina adapters and low-quality regions were removed using Trimmomatic-0.33 (Bolger et al. 2014 ) with these parameters: ILLUMINACLIP: 2:30:10, SLIDINGWINDOW: 4:28, HEADCROP: 15, and MINLEN: 85. At the end of the process, at least 60 million paired-end reads were retained and used in subsequent analyses.
Identification and abundance estimation of repetitive DNA
A hybrid graph-based clustering approach using RepeatExplorer (Novák et al., 2010; was performed on three sets of Illumina reads, each belonging to a different Quercus species, in order to produce a de novo repertoire of repetitive sequences from the genus Quercus.
We submitted three small random sets of 1 million pairedend sequence reads for each species to RepeatExplorer (version 2) and retrieved clusters of frequently connected reads, which were automatically annotated according to their similarity to an internal database of repeats (the Repbase database, Jurka et al. 2005) . All clusters resulted by the assembly of at least 5 reads were collected. They represented the Quercus repeatome.
RepeatExplorer output was further annotated by performing similarity searches of the unknown clusters using BLASTn and BLASTx analyses against custom libraries of repetitive sequences and full-length REs of Helianthus annuus (Natali et al. 2013) , Olea europaea (Barghini et al. 2014 (Barghini et al. , 2015a , poplar , and Potentilla micrantha (Buti et al. 2018) , with default parameters.
Abundance estimations of repeats were calculated by mapping large read packages of Illumina reads (at least 60 million paired-end reads) of each species to the complete repeatome and by counting the numbers and percentages of mapped reads. The number of reads matching the repeatome was measured using CLC Genomics Workbench 9.5.3 (Qiagen, Hilden, Germany) with the following parameters: insertion/ deletion cost = 1, mismatch cost = 1, length fraction = 0.7, and similarity fraction = 0.9.
LTR-retrotransposon temporal dynamics estimation
The time course of different LTR-RE families in oak species was studied by calculating the distributions of pairwise divergence values for Illumina reads aligned to the RT domain encoding sequences for the different families (Piegu et al. 2006; Ammiraju et al. 2007; Mascagni et al. 2018a) .
First, assembled nucleotide sequences encoding the RT domains (at least 150 nt in length) were selected from four clusters related to the Copia-SIRE lineage and four clusters related to the Gypsy-Ogre/TAT lineage, respectively, using the protein domain search tool of RepeatExplorer (version 2). Then, Illumina 85-nt-long reads of each species were aligned to the RT sequences using CLC Genomics Workbench 9.5.3 with the following parameters: mismatch cost = 1, insertion/cost = 1, length fraction = 0.9, and similarity fraction = 0.8. For each species, at least 100 aligned reads were randomly collected. Pairwise divergence values between reads were calculated using MEGA version 7.0.18 (Kumar et al. 2016 ) under the Kimura two-parameter model of sequence evolution (Kimura 1980 ). Kimura distances were converted to millions of years ago (MYA) using the rice substitution rate of 4.9 × 10 −9 , as already used by Usai et al. (2017) for poplar.
Peaks in frequency distribution were interpreted as transposition burst events, and peaks associated with lower divergence values were believed to represent more recent proliferation events (Mascagni et al. 2017a; Usai et al. 2017 ).
Retrotransposon and satellite distribution along the Q. robur genome Using RepeatMasker (http://www.repeatmasker.org), each of the 12 linkage groups (LGs) of the currently most robust (i.e., composed of 12 linkage groups) oak genome sequence (Q. robur) was compared with the sequences of Gypsy-Chromovirus of the repeatome. In addition, the analysis was also performed against putative oak satellite sequences. All
LGs were then subdivided into 3-Mbp-long regions using an in-house Perl script. The number of masked bases was then counted for each 3-Mbp fragment using another in-house Perl script. Perl scripts are available as Supplementary material no. 1.
Results
Quantitative analysis of the repetitive components of Quercus species
The repeatome of the three Quercus species was studied by hybrid clustering (using RepeatExplorer, Novák et al. 2013 ) of the three samples of 1 million Illumina paired-end reads. With this approach, reads sharing sequence similarity between species clustered together, allowing the identification of repeats shared among species. RepeatExplorer analyzed 1,278,795 reads and produced a set of 85,705 clusters. Because of the low coverage used for clustering (around 0.004×), it is presumed that only repeated sequences were clustered. Most of the assembled contigs should not have corresponded to specific genomic loci; instead, contigs were probably produced by assembling reads derived from multiple copies of repetitive elements, and could be considered "consensus" sequences of genomic repeats (Novák et al., 2010) .
Of the 85,705 clusters obtained, we selected the 8573 clusters that were obtained by the assembly of at least 5 sequence reads to produce a library of repetitive elements, which represents a repeatome of the genus Quercus. Assembled sequences were automatically annotated by RepeatExplorer, which identified 8497 nuclear and 76 organellar clusters (Supplementary material nos. 3 and 4). Organellar clusters were excluded from further analysis. Annotation of nuclear clusters was enriched by BLASTn and BLASTx analyses against other available databases of repeated sequences (see "Materials and Methods"). Only 604 of 8497 clusters (7.2%) could be annotated (Fig. 1) , probably because of the scarcity of studies on repeated sequences in Quercus and related genera. Figure 1 also reports the number of annotated sequences according to their repeat class. The most represented sequences belonged to Gypsy (257 clusters) and Copia (166) LTR-REs. Other retrotransposons, of which the superfamily could not be established ("Unidentified REs" in Fig. 1) , accounted for 21 clusters.
Of the repeatome sequences, 68 and 78 clusters were classified as related to LINEs and DNA-TEs, respectively. Ribosomal DNA was represented by eight clusters. Tandemly repeated satellite DNAs were represented by six clusters (Fig. 1) .
Oak LTR-RE-related clusters were also annotated at the lineage level. All Gypsy and Copia lineages were identified. Figure 2 reports the number of LTR-RE-related clusters in the repeatome for each lineage.
Abundance of repeat classes in the three oak species
The simple composition of the repeatome cannot offer a complete picture of the composition of the repetitive portion of the genome because repeated sequences are assembled together into contigs; hence, highly repeated sequences are underestimated. Consequently, we evaluated the composition of the repetitive components of the genomes of the three oak species by mapping Illumina reads (at least 60 million pairedend reads) of each species to the complete repeatome (made of 8497 clusters) and counting the numbers and percentages of mapped reads. RepeatExplorer also produced an estimation of the abundance of each cluster, but hybrid clustering was obtained using small packages of reads (1 million paired-end reads per species). Hence, we preferred to assess the abundances of repetitive elements by mapping large read packages. However, the results of mapping substantially confirmed those obtained using RepeatExplorer (data not shown). Mapping results showed that only a small fraction of reads were of organellar origin: 0.57% for Q. lobata, 3.11% for Q. robur, and 2.61% for Q. suber. Such differences were probably related to differences in the developmental stage at which plant samples were collected for the three species. Considering only nuclear reads, the percentages of reads mapping the repeatome were equivalent in the three species, amounting to 27.67% in Q. lobata, 27.75% in Q. robur, and 27.76% in Q. suber.
The abundances of the different repeat classes in the three oak species are summarized in Fig. 3 . LTR-REs were by far the most abundant class, ranging (in total) from 52.23% of the repetitive fraction in Q. lobata, to 55.36% in Q. robur and to 59.23% in Q. suber. Copia elements were by far the most abundant LTR-REs, even with large differences among species (27.62% in Q. lobata and 41.79% in Q. suber, Fig. 3 ). The ratio between Copia and Gypsy LTR-REs abundances is 4.3:1 in Q. lobata, 3.6:1 in Q. robur, and 3.2:1 in Q. suber, i.e., it was reduced in species with higher LTR-RE abundances. Unidentified REs accounted from 11.92 to 18.16% of the genomes. The abundances of LINEs and DNATEs were similar in the three species. Conversely, there were differences in rDNA and satellite DNA abundances. Ribosomal DNA percentages ranged from 3.64% in Q. lobata to 6.75% in Q. suber. The differences in the abundances of satellite DNAs were especially interesting; satellites were almost absent (0.18% of the repetitive fraction) in Q. suber, barely represented (less than 1%) in Q. robur and relatively abundant (8.68%) in Q. lobata (Fig. 3) .
Finally, unidentified repeats, which represented 7893 over 8497 clusters in the repeatome (92.9%), accounted only for 32.08% of the genome in Q. suber, 33.50% in Q. lobata, and 35.84% in Q. robur (Fig. 3) , indicating that those clusters are related to low abundant repeats.
Characterization of LTR-REs and phylogenetic analyses
Clusters belonging to LTR-REs and satellite DNAs (i.e., repeat classes accounting more than 2% of the repetitive component of the genome in at least one species) were annotated at the lineage level. Concerning the other repeat classes (DNA transposons, non-LTR-REs), they accounted only for a very small fraction of the repeatome; differences in lineage frequency could be related to the random sampling of the Illumina read sets used for analysis, hence we decided to exclude them from further annotation analysis.
Clusters related to LTR-REs were subdivided into lineages and the abundances of each identified lineage in the genome of the three species were measured by mapping and counting mapped reads (Fig. 4) .
The abundance of Copia elements in oaks was apparently related to a disproportionate percentage of SIRE REs, which accounted for 6-8% of the genome of the three species, while frequencies of other Copia lineages were around 0.5% (with the exception of Angela lineage in Q. suber, which amounts to 1.5%). Among Gypsy lineages, Ogre/TAT was by far the most abundant, with large differences among species. The percentages of the other Gypsy lineages were very small (less than 0.5%, Fig. 4 ). A number of clusters (Fig. 2) represented each LTR-RE lineage. Separated clusters belonging to one LTR-RE lineage should represent different sublineages according to their sequence similarity (Mascagni et al. 2018b ). The proliferation time profiles of the two most abundant LTR-RE lineages in the three oak species were inferred by measuring pairwise distances between paralogous RT-encoding sequences belonging to elements of four different clusters (i.e., sublineages) per lineage. Distances were then translated into insertion dates using a mutation rate that was twice the rate calculated for synonymous substitutions in gene sequences (SanMiguel et al., 1996; Cossu et al. 2012) , with the consideration that REs accumulate more mutations with time. In fact, at each insertion, the new RE copy was identical to its parental element except for mutations occurring during retrotranscription, which is error prone (Kumar and Bennetzen, 1999) ; further mutations can accumulate as time passes (Mascagni et al. 2017a ).
This analysis allowed us to identify different retrotranspositional profiles depending on the different RE clusters analyzed (Fig. 5) . Obviously, translation of genetic distances into insertion dates is subject to error; however, in our analyses, we simply compared retrotransposition waves of the same RE lineage in different species. Concerning SIRE elements, proliferation profiles were, in general, similar for the four clusters in the three Quercus species, with a reduction of putative proliferation events as time passed (Fig. 5) . Only the cluster SIRE-CL8 in Q. suber showed a transpositional burst in the last 15 million years (MY) (Fig. 5) .
Ogre/TAT RE dynamics were more complex (Fig. 5) . Ogre/ TAT-CL25 and -CL28 showed the same reduction in retrotransposition as time passed that was observed for SIRE clusters; CL34 showed quite constant RE transposition rates in the last 40 MY, although a transpositional peak was observed at 30 MYA in Q. lobata and around 10 MYA in Q. suber and Q. robur (Fig. 5) . Finally, -CL71, the least abundant cluster analyzed, showed a recent burst of transposition in the last 10-15 MY in Q. robur and Q. lobata and an ancient proliferation peak (20-30 MYA) in Q. suber.
Quercus satellite DNAs
The oak repeatome contained six clusters annotated as satellite DNAs. Each satellite DNA cluster corresponded to a different tandem repeat sequence. RepeatExplorer/TAREAN allowed the identification of the putative repeat units of each satellite. The characteristics of the identified satellite DNAs are reported in Table 1 and Supplementary material no. 4, in which consensus sequences, corresponding graphs, and satellite probability can be found.
The abundance of each satellite DNA in the three analyzed oak species is reported in Fig. 6 . It is worth noting that large differences can be observed in the abundance pattern of the clusters annotated as satellite DNA. Quercus lobata showed the largest abundance of satellite DNAs in its genome (Fig. 3) . However, satellite DNAs seemed, in general, to be quite species-specific (Fig. 6) ; while Q92 was abundant in all three species, Q37 was mostly represented in Q. suber, Q1230 was Fig. 4 Abundance of different LTR-RE lineages in the genome of the three Quercus species quite specific to Q. robur, and Q146, Q366, and Q156 were abundant only in Q. lobata (Fig. 6) .
The putative chromosomal localization of the different satellite DNAs was inferred by masking the available genome sequence of Q. robur with different satellites. It is known that Gypsy/Chromovirus LTR-REs, although interspersed throughout the genome, tend to accumulate in centromeres (Neumann et al. 2011) . For this reason, we attributed the putative centromere position to the chromosome region showing the largest abundance of Chromovirus sequences (Fig. 7) . All putative satellites (except Q92) resulted in precisely localized and specific chromosomal regions. In particular, the position of Q146 generally corresponded to that of peaks of Chromovirus abundance. Although centromeric position should be confirmed by cytological in situ hybridization, this correspondence suggests that Q146 is a putative centromeric satellite, at least in Q. robur, in which it was by far more frequent than in the other two oak species. . The entire set of putative repeats in the repeatome amounted to 8573 clusters. Although such a repeatome could be considered incomplete because it lacks the sequences from species of two out of four Quercus sections, i.e., Lobatae and Protobalanus, it represents a first set of repeated sequences of this genus, and it will be useful for further studies on Quercus structural and functional genomics and for repeat identification and annotation in genome sequencing projects.
Discussion
Mapping Illumina reads of each species to the repeatome showed that repeated sequences in each species amounted to around 27% of the genome, overall. This quite low percentage of repeats suggests that the genomes of the analyzed Quercus species are largely composed, aside from repeats and gene coding sequences, by low copy non-coding DNA sequences. Presumably, these sequences are different among species, so they could not be clustered by RepeatExplorer, considering the relatively low number of reads used for clustering.
Interestingly, although non-annotated sequences represent 92.9% of the repeatome, their abundance accounts for only 32-36% of the repetitive component of oak species (Fig. 3) . A possible explanation of the high frequency of non-annotated sequence in the repeatome is that such repeats could belong to old families with a few copies and with degenerated sequences (which are difficult to annotate), as observed in other species (Goubert et al. 2015) .
While the overall proportions of repeats in the genome were conserved among the three oaks, interspecific differences occurred, especially in relation to LTR-REs and DNA satellites. LTR-REs were by far the most abundant class in the three species; their proportion ranged from 34-55% of the repetitive fraction. Copia elements were more abundant than Gypsy elements, and the ratio between the Copia and Gypsy genome proportions is apparently peculiar to each species (Vitte et al. 2014) . In many angiosperms, such as poplars, sunflowers, and papaya, the proportion of Gypsy REs is higher than that of Copia; however, notable exceptions exist, as in the example of grapevine, in which Copia elements account for twice the proportion of Gypsy elements (Vitte et al. 2014) .
Large differences in abundance among retrotransposon lineages were observed in the analyzed oak species. Such differences should have occurred after the separation of the two sections. Actually, retrotranspositional profiles of different SIRE sublineages were similar among species, but SIRE-CL8 showed a peak of retrotransposition in the last 10 MY (Fig. 5) , i.e., after the estimated time of separation of Quercus sections (Daghlian and Crepet 1983; Zhou 1993 ). The retrotranspositional profiles of different Ogre/TAT sublineages were also similar among species. Ogre/TAT-CL71 was apparently less active in Q. suber in the last 10 MY, although this cluster was not as abundant as the others were. Interestingly, a retrotranspositional peak in the last 10 MY was observed for the Ogre/TAT-CL34 sublineage for Q. suber and Q. robur, which are the two species belonging to different sections but distributed in Eurasia, while Q. lobata is only distributed in western North America. In this case, such differences could be related to the different geographical areas in which the species live rather than to phylogenetic relationships; therefore, it is presumable that these differences occurred after separation of the two species, possibly induced by the different environmental conditions to which Q. robur and Q. lobata adapted.
Considering DNA satellites, it has been reported that they have a structural role in the organization of centromeres and telomeres (Dvořáčková et al. 2015; Lermontova et al. 2015) . Although every identified tandem repeat was found in each species, the different satellite abundances observed in the analyzed oak species reflect, in some cases, the phylogenetic origins of the species. In fact, Q146 and Q366 showed larger differences in abundances between sections Quercus and Cerris (Fig. 6) , even with different abundances between Q. robur and Q. lobata, which both belong to section Quercus. On the contrary, Q1230 and Q156 were quite specific to Q. robur and Q. lobata, respectively ( Fig. 6 ), suggesting that these satellites underwent massive amplification after the separation of species in section Quercus. It is likely that the differences in DNA satellite frequencies during evolutionary processes have strongly contributed to establishing the chromosomal structure of oak species and will deserve future research.
Differences in the abundances of LTR-REs and DNA satellites could have produced structural variations in oak chromosomes. In fact, structural variations are associated preferentially with the activity of transposable elements, as reported for example in genus Populus (Pinosio et al. 2016) as well as with the amplification of tandem repeats (Barghini et al. 2014; Dvořáčková et al. 2015; Wang et al. 2017) . Our study provides further data for the genus Quercus, and will be useful for future studies on the evolution of this genus and the occurrence of structural variations in oaks at interspecific and intraspecific levels.
Overall, the data reported for the three species analyzed in this study suggest that the Quercus genus is still rapidly evolving, especially in relation to the repetitive component of the genome. The transcription of Quercus LTR-REs is being subjected to analysis and will add further data on the plasticity of this genome component during oak evolution and consequently on the large inter-and intraspecific phenotypic variations affecting oak species. In fact, the mobility of retrotransposons can affect the coding portion of the genome, both by gene inactivation (by inserting within it) and by modifying the cis-regulatory sequences of the genes, with possible heritable changes in plant phenotypes. 
